Electrospinning was used to elaborate poly(vinyl alcohol) (PVA) nanofibers in the presence of embedded multiwall carbon nanotubes (MWCNTs) in surfactant and polymer. MWCNTs were dispersed in aqueous solution using both sodium dodecyl sulfate (SDS) as surfactant and Poly(vinyl pyrrolidone) (PVP). Changing the surfactant and polymer concentration reveals that the maximum dispersion achievable is corresponding to the mass ratios MWCNTs : SDS-1 : 5 and MWCNTs : SDS : PVP-1 : 5 : 0.6 in the presence of the PVP. After the optimization of the dispersion process, the SEM image of the PVA/PVP/SDS/MWCNTs electrospun fibers presents high stability of the fibers with diameter around 224 nm. Infrared spectroscopy and thermal gravimetric analysis elucidate the type of interaction between the PVA and the coated carbon nanotube. The presence of PVP wrapped carbon nanotubes reduced slightly the onset of the degradation temperature of the electrospun nanofibers.
Introduction
Electrospun nanofibers present an exciting avenue for development of novel nanomaterials with well-defined functionalities which have attracted researchers' interest. Because of their unique physical, chemical properties and a specific surface approximately two order larger than flat films, nanofibers have great potential use in sensors [1] [2] [3] , filtration for bacteria, medical applications, tissue scaffolding [4] [5] [6] [7] [8] , textile fabric [9] , and other applications in nanoscience and nanotechnology. Due to their electronic, mechanical, and thermal properties, CNTs enjoy an incomparable status in the panoply of nanomaterials finding large range of applications in composites. However, the fabrication of high quality polymer-CNTs nanocomposites with predictable and optimal performance requires homogenous dispersion of the CNTs in polymer matrix. This is a challenging task for their utilization due to the highly nonwetting character of CNTs surface and strong tendency to form bundles by van der Waals attractive forces. Currently, different approaches are used to disperse CNTs, such as covalent or noncovalent functionalization. From the nondestructive point of view, in situ polymerization, polymers, and also surfactants are used to obtain homogenous CNTs dispersion in various solvents or matrices [10] [11] [12] . A series of cationic, anionic, and nonionic surfactants and polymers have been studied for their ability to suspend individual CNTs [13, 14] . The present work confronts the dispersion assisted by surfactant as well as polymer. In the first step, we investigate the dispersion of MWCNTs in aqueous solution using SDS as an anionic surfactant. Different concentrations of SDS compared to those of MWCNTs were used, and the second step consisted in improving the dispersion and it is stabilization while using the PVP. After the optimization of the dispersion of MWCNTs, we elaborated the nanocomposite fibers via electrospinning process. The optical properties and thermal stability of the electrospun nanofibers will be presented.
Experimental
2.1. Materials. Poly(vinyl alcohol) (Mw: 70000, 99% hydrolyzed), poly(vinyl pyrrolidone), and sodium dodecyl sulfate were purchased from Sigma Aldrich. Multiwall carbon nanotubes (CCVD method, purity >95%, outer mean diameter 10-15 nm, and length 0.1-10 m) were purchased from Arkema France.
Dispersion of MWCNTs.
In a typical dispersion procedure, two steps were realized in order to achieve better dispersion in the one hand and for preparing three suspensions of MWCNTs. The anionic surfactant SDS, NaC 12 H 25 SO 4 , is first used for the exfoliation of the CNTs by varying the concentration to 10 wt% of MWCNTs aqueous solution. It can penetrate easily inside the aggregates of MWCNTs, and it was useful for improving the dispensability. After the characterization with the UV-Vis spectroscopy, the solution with the ratio 1 : 5 of MWCNTs : SDS was chosen. However, this surfactant does not prevent individual nanotubes from agglomeration after sonication process. In order to achieve better stabilization of the dispersion, different amounts of the nonionic PVP (C 6 H 9 ON) which possesses both hydrophilic and hydrophobic groups have been added to this solution to further improve the dispersion. The temperature was around room temperature, and all solutions were ultrasonicated for 60 min. Moreover, rings in PVP contain a proton accepting carbonyl moiety, while PVA presents hydroxyl groups as side groups. Indeed, interactions by hydrogen bonding can be expected between hydroxyl groups of PVA and carboxyl groups of PVP.
Preparation of PVA/MWCNTs/SDS/PVP Nanofibers.
PVA was dissolved in warm water by heating at 80 ∘ C under a continuous slight stirring for 2 h to prepare PVA solution with the desired concentration. The PVP/SDS/MWCNTs suspension was added to an aqueous solution of PVA to obtain a final solution of 12 wt% PVA and 0.3 wt% of MWCNTs. The solution of PVA/MWCNTs/SDS/PVP was briefly sonicated and stirred to remove trapped air bubbles and for effective mixing prior to electrospinning. After the complete homogenization of the nanocomposite, the solution was poured into the syringe. A voltage of 15 Kv was applied to the solution, and the solution jet emerging from the needle was collected on the stationary electrode ( Figure 1 ).
Characterization.
The dispersions of MWCNTs in the surfactant and polymer were characterized using UV-visible spectrophotometer-Cecil 2000 series which cover the full 190-1000 nm wavelength range with a narrow 1.8 nm optical bandwidth. The baseline correction was carried out using a quartz cuvette. The morphology of electrospun nanofibers and their average diameter were characterized using environmental scanning electronic microscopy (ESEM) equipped with sonde EDAX for the surface microanalysis.
An analysis was carried out by ATR using PerkinElmer, Spotlight 400 FTIR Imaging system, while thermal analysis was accomplished using SETSYS Evolution.
Results and Discussion

Ultraviolet-Visible Spectroscopy.
It has been demonstrated that carrier dynamics in carbon nanotubes bundles are dominated by the tunnel coupling between carbon nanotubes. These bundled carbon nanotubes are not active in the UVVis region and only individual carbon nanotubes absorb in the UV-Vis region [15] . Here, we describe combination of two concepts for dispersing MWCNTs by using SDS as surfactant and PVP.
To disperse MWCNTs, both maintaining stabilization and intrinsic properties of carbon nanotubes are required. We used the ionic surfactant to disperse MWCNTs because it is known to disperse them in aqueous solution via noncovalent method without affecting MWCNTs properties [16] . Since SDS molecules have featureless absorbance in the region, we were interested in this work. The mechanism of MWCNTs dispersion according to the duration and power of sonication has been studied by other researchers [15] .
To obtain better dispersion, the solutions were resounded after the variation of the mass of SDS compared to that of the MWCNTs using the same conditions of sonication during all experiments.
The UV-Vis absorbance spectra (Figure 2(A) ) show the prepared MWCNTs dispersion with different amounts of SDS. The MWCNTs have characteristic absorption peak around the wavelength of 290 nm corresponding to the intrinsic optical properties of graphite [17] and will thus be present in MWCNTs. Unlike optical transitions in a particle, the carbon nanotubes present different collective excitations of electrons, called -plasmon, which involve the electron orbitals and exist at much higher energy. Since the size of carbon nanotubes is less than the wavelength of excitation in Journal of Nanomaterials the UV-Vis, there is a movement phase of the charge density and charge accumulation at the surface, and thereforeplasmon carbon nanotubes can be coupled with light. But the distribution of charges at the surface of carbon nanotubes is not in mechanical equilibrium and oscillates around the equilibrium position. The plasmon resonance corresponds to a strong increase in absorption at the resonant frequency. Indeed, when we reduced the mass of SDS compared to that of MWCNTs which was fixed at 1 mg, from 50 mg to 5 mg of SDS, the intensity of absorbance was significantly increased, and the best absorbance was achieved for the mass ratio of MWCNTs : SDS-1 : 5.
To study the effect of the PVP on the dispersion of MWCNTs in the presence of SDS, we have taken the same quantities used for the MWCNTs : SDS, 1 : 5, which gave the best dispersion, and different amounts of PVP were added. All suspensions of MWCNTs-SDS-PVP were prepared in the same conditions as the previous suspensions.
The UV-Vis spectra of all suspensions (Figure 2(B) ) show that when the mass of PVP increased from 0.04 mg to 0.6 mg compared to the mass of MWCNTs : SDS-1 : 5 the solutions absorbance has improved considerably and the characteristic absorbance band of the MWCNTs is shifted to higher wavelengths. This redshift can be explained by the improvement of the density fluctuations of -plasmon of internal and external surfaces of MWCNTs [18] . So, we can deduce that the dispersion of MWCNTs is enhanced with the addition of the PVP until a certain threshold. For the mass increasing from 0.6 mg to 1.2 mg, the absorbance is found to saturate with even a slight drop. These optimized concentrations were used for the solutions used in electrospinning process.
SEM Analysis.
The characteristics of the fibrous structures produced via the electrospinning process were observed by SEM micrograph.
Nanofibers diameter and morphology can be controlled by several processing parameters including solution viscosity (as controlled by changing the polymer concentration), voltage, feed solution conductivity, and capillary-to-collector distance. In addition, the spinning process is expected to align CNTs or their bundles along the fiber direction due to combination of dielectrophoretic forces caused by dielectric or conductivity mismatch between the CNTs and the polymer solution and high shear forces induced by spinning.
The selected SEM representative images (Figure 3 ) show the as-spun PVA (Figure 3(a) ), PVA/SDS/MWCNTs (Figure 3(b) ), and PVA/SDS/PVP/MWCNTs (Figure 3(c) ) fibers deposited on the glass substrate at 20 000x magnification. The treatment of the images with Image J software shows that the diameter average was varying from 230 nm for the pure PVA to 210 nm for PVA/SDS/MWCNTs. The decrease of the fibers diameter indicates that the incorporation of the MWCNTs into the fibers increases the conductivity of the matrix solution, which favors the stretching of the solution under electric field during the electrospinning. Furthermore, for PVA/SDS/PVP/MWCNTs composite nanofibers, the fibers diameter decreases to be 224 nm due to the increase of solution viscosity. It should be noted that the fibers structures were completely stabilized and any beads were observed.
FTIR Spectroscopy.
To determine the interaction between PVA, MWCNTs, and PVP, FTIR measurements of pure PVA, PVA/SDS/MWCNTs, and PVA/SDS/PVP/MWCNTs fibers were conducted.
The FTIR spectrum of pure PVA fibers (Figure 4(a) ) shows the main characteristic bonds as follows.
The C-H stretching vibration is observed at 3283 cm −1 . The symmetric and antisymmetric -CH 2 vibrations appear at, respectively, 2940 cm at 1417 cm −1 and 1330 cm −1 are attributed to the -CH deformation vibration. At 1089 cm −1 , we observe a characteristic peak of C-O stretching vibration. In addition, the peak of O-H stretching vibration appears at 919 cm −1 [19, 20] .
Compared to the PVA spectrum (Figure 4(a) ), it could be observed that any additional band was observed in the PVA/SDS/MWCNTs spectra (Figure 4(b) ). This indicates that any covalent bond was created between PVA and MWCNTs coated with SDS. Consequently, we confirmed that MWCNTs were dispersed in the PVA via noncovalent functionalization.
Concerning the PVA/SDS/PVP/MWCNTs nanocomposite fibers, the FTIR spectra of the fibers (Figure 4(c) ) showed a characteristic peak of PVP at 1423 cm −1 which is assigned to the deformation of CH 2 in PVP. The shoulder at 1594 cm
is characteristic of C=C (aromatic) and C-N stretching. The additional peak located at 1654 cm −1 is assigned to the C=O vibration [21] [22] [23] . The appearance of this band is due to the interaction of MWCNTs with PVP.
Thermal Analysis.
Thermal gravimetric analysis (TGA) was carried out at a heating rate of 10 ∘ C⋅min −1 in nitrogen atmosphere.
The thermal decomposition of the three samples was multistage processes; it exhibits two degradation steps. In the first region, as can be seen, the three samples displayed a similar behavior with degradation temperature close to 240 ∘ C. In fact, the degradation of isobutyl groups [24, 25] was located at about 246 ∘ C for the neat PVA fibers ( Figure 5(a) ). This temperature was decreased slightly for the PVA/SDS/MWCNTs fibers ( Figure 5(b) ) to be 239 ∘ C, and the shift is due to the presence of SDS in the bulk PVA polymer matrix [26] , while the PVA/SDS/PVP/MWCNTs fibers ( Figure 5(c) ) degradation temperature was decreased Journal of Nanomaterials from 246 ∘ C to 242 ∘ C compared to the pure PVA fibers. This change reflects the specific multiple hydrogen bonding interaction between PVA and PVP [27] .
The second stage appearing around 400 ∘ C is corresponding to the cleavage of C-C backbone of side and main chains of PVA [25] . According to Figure 4 , all these transitions were accompanied with a weight loss as listed in Table 1 .
All samples show a small loss in weight at around 100 ∘ C which is assigned to the detachment of residual water (from fibers preparation). For the neat PVA, the major weight loss (70 wt%) is at 193 ∘ C, and this continued to increase rapidly with temperature, until a stable plateau region appeared between 351 and 477 ∘ C, while the difference between the weight loss of pure PVA and PVA/SDS/MWCNTs fibers indicated the interfacial interaction between the matrix and MWCNTS. When the PVP was incorporated into the composite, the weight loss decreased considerably due to the interaction of PVA with the MWCNTs coated by the PVP through hydrogen bonding interaction between PVA and PVP.
Conclusion
PVA electrospun nanofibers containing SDS/PVP/MWCNTs were fabricated, using different concentrations of the SDS and PVP in order to achieve a stable dispersion lasting for several months. Our results showed clearly that the absorption of the wrapped MWCNTs in aqueous solution increased with the concentration of SDS and PVP and the best absorption was achieved for MWCNTs : SDS : PVP-1 : 5 : 0.6. SEM images of PVA/SDS/PVP/MWCNTs nanofibers showed that the diameter was decreasing to around 224 nm and the interaction between the PVA and the coated carbon nanotubes with PVP was elucidated by FTIR and TGA.
